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A SINGLE WIRE IN NON-ISOTHERMAL FLOW
P.J. McConachie and K.J. Bullock 
Dept. Mechanical Engineering 
University of Queensland 
Australia
ABSTRACT
A method for measuring longitudinal velocity and 
temperature fluctuations with a single wire probe is 
presented and the principles of operation verified by 
an analog computer solution of the finite hot wire, 
anemometer control and signal processor equations. 
Examination of the basic equations reveals that such 
a probe is best suited to the study of turbulent water 
flows, thus allowing high Reynolds numbers to be 
attained without limitations on frequency response. 
Inherent sources of error are investigated and the 
method shown to be reliant mainly on the initial 
accuracy of wire calibration.
INTRODUCTION
A hot wire placed in a non-isothermal incompress­
ible flow field is sensitive to fluctuations of vel­
ocity and temperature, the relative sensitivities at 
any velocity being determined by the wire operating
temperature. Operation of the wire at several^ overheat
2 —ratios allows the time-averaged correlations C , Co
2and 6 to be determined by regression as described by 
Ayra and Plate (1969) .
Experiments requiring the time varying velocity 
and temperature field have used two sensors - one 
velocity and temperature sensitive, the other temper­
ature sensitive only - and simultaneously processed 
the sensor outputs to yield the instantaneous velocity 
and temperature. Such techniques, e.g. Bremhorst and 
Bullock (1970), introduce extra probe disturbance into 
the flow and are limited by the spatial resolution of 
the wires in the array.
effects associated with the two wire techniques. 
Furthermore this technique offers possible extension 
to other probe geometries e.g. X-arrays or split—film 
probes, with only minor increases in signal processing 
complexity.
1. Method of Measuring C and 6 with a Single Wire
The operating resistance of the probe is cycled 
in a deterministic fashion between two fixed overheat 
ratios. The operating currents corresponding to these 
resistance ratios are sampled and stored each cycle by 
zero-order hold circuits synchronized with the vari­
ations in overheat ratio. As each zero-order hold 
output will correspond to different functions of the 
same velocity and temperature field, reconstruction of 
the time variation in temperature and velocity is 
possible provided the sampling rate is high and 
appropriately chosen with respect to the maximum dis­
turbance frequency in the flow. Figure 1 shows a 
schematic of the measurement system where the velocity 
and temperature field are reconstructed with analog 
computer techniques.
The bridge system shown provides a simple control 
of the wire operating resistance as well as being 
insensitive to probe lead resistance and associated 
variations. The bridge error voltage is expressible 
as
= I
Z Z - Z (G Z ) 
S w 2 it
and when zero corresponds to the balance condition
Zw GZ Z /Z *♦2 3 (I_ >0 )
Switching the wire between overheat ratios at 
rates in excess of the maximum flow frequency will 
allow the temporal variations of both the velocity and 
temperature field to be determined with a single wire 
and in addition remove the extra flow disturbance
In the frequency range of interest (<50kHz) several 
techniques are available for varying the amplifier gain 
G, e.g. a multiplier, however, discussion on these 
components will be omitted. Such a bridge operates in 
a similar fashion to more conventional bridge designs
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with one arm of the bridge composed of a time varying 
resistor.
Between the bridge error output and the current 
driver suitable electronics must be used to control 
the system whose frequency response is independent of 
velocity and wire temperature. However as the circuit 
details are ^t present subject to Patent they have not 
been presented here. Finally the bridge is driven by 
a high gain current driver with suitable limits on the 
maximum and minimum wire currents. The minimum current 
is determined by the requirements of successful bridge 
operation while the maximum current is dependent on 
the dynamic range of the amplifier.
The signal analysis system will be discussed in 
section 3.
2. Simulation of the System
The overall aim of the project was to verify the 
principle of operation by a simulation of the partial 
differential equation governing the behaviour of the 
wire, the control equations of such a system, the 
signal processing and in addition to determine optimum 
parameters for operation. The following represent the 
major factors in the simulation.
2.1 Choice of Fluid and Probe Type. Frequency 
response considerations (section 4) require that the 
probe operate in a fluid with high k/y. Of available 
fluids with satisfactory k/y, water is by far the most 
convenient and was chosen for the simulation. Although 
uncoated wires may introduce calibration stability 
problems, they were used in the calculations since 
these wires have the fastest transient response.
Formation of bubbles on the wire can occur due to 
boiling, electrolysis or by dissolved air coming out of 
solution. Boiling will not occur if the wire tempera­
ture does not exceed the saturation temperature of the 
water while Rasmussen (1967) indicates that the problem 
of dissolved air can usually be eliminated by leaving 
the water stationary for a period and or by reducing 
the overheat ratio as is suggested by this new tech­
nique. Electrolysis due to the potential difference 
developed across the wire and prongs is of negligible 
effect below a characteristic voltage dependent on the 
probe materials and ions in the water (Glasstone 
(1942)). Experiments have shown that tungsten wires 
with a length to diameter ratio (f/<j) <400, are un­
affected by electrolytic effects in Brisbane water.
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The effect of electrolysis is also decreased by 
operating the probe from an AC anemometer supplying 
a high-frequency AC heating current to the probe e.g. 
Grant et al (1962). Adaption of the method proposed 
to an AC anemometer would eliminate any electrolysis 
which may occur.
2.2 Method of Simulation. The finite hot wire, 
the control system of the anemometer and the track and 
store units required for the sampling of the outputs 
of the anemometer were simulated on a 100 amplifier 
EAI 681 parallel processor. The signal analysis was 
performed on an adjacent EAI 231 R analog computer. A 
tungsten wire of 5 y diameter (100<f/^<400) was 
modelled with 8 appropriately chosen segments. The 
ends of the wire were assumed to be at the mean ambient 
air temperature TA set to be 20°C. All temperatures 6 
were measured relative to TA with maximum wire value 
9max = 80°C and ambient fluctuating value 0A = 10°C.
Nusselt number, Nu, dependence (Bradshaw (1967)) 
of the form
Nu = 0.42 Pr°*21 + 0.57 Pr0'33 Re°'5
[o.Ol < Re < 1000 ; 0.72 < Pr < lOOo]
was assumed. Evaluation of this correlation at the 
mean film temperature enables the heat transfer 
coefficient to be expressed as
FIGURE 2 SIMULATED SYSTEM
2.3 Transient Response and Static Calibration 
Results. Various types of resistance ratio switching 
were investigated and Figures 3 and 4 show the 
transient operation for two extreme flow conditions 
with stepwise and continuous resistance ratio 
switching.
h = A + B Vcd
with the film temperature 0f referred to reference 
oat 20 C and
A = 0.6778 - 2.133 x lO_3.0f + 1.932 x lO~6.0f2 
B = 1180 + 8.874.0f - 2.73 x lo"1*.©/
— 0 2 —The simulation assumed that Cd < 2.5 x 10 m sec 
the upper limit corresponding to a wire Reynolds 
number of 2.90.
Figure 2 gives the block diagram of the 
simulation.
As can be seen from Figure 3 the maximum possible 
switching rate is determined predominately by the rate 
at which the wire can cool from the high to the low 
resistance ratio, i.e. it is determined by the wire 
time constant. Stepwise resistance ratio switching 
yields the highest switching rate but results in the 
bridge current driver being clamped for a significant 
period of the cycle. The wire temperature variation 
of Figure 4 has removed the occurrence of the maximum 
current clamp condition while representing a compromise 
on the minimum current clamp condition.
Figure 5 shows the static calibration of wire 
current with varying ambient temperatures and a wire of 
f/d =  200 at the two operating limits. Identical 
calibration results could be obtained for the two 
switching waveforms of Figures 3 and 4 and for the non- 
switched conditions of resistance ratio by increasing 
the closed loop gain. End conduction is negligible for 
> 200 and hence the condition that the wire
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FIGURE 3 TRANSIENT RESPONSE TO STEPWISE RESISTANCE RATIO SWITCHING
TABLE 1
Wire Calibration Coefficients (fc/jj = 200)
c -1m sec a°2xlO \xlO %xlO
.02 2.388 -1.306 -3.387 0 = 68 C
.08 3.330 -1.270 -3.561 a. S _ 21.466 x 10
.18 4.209 -1.255 -3.456
3
a -26.541 x 10
.32 5.108 -1.242 -3.433
*♦









COo 0.626 -7.655 -22.33 a. = 3.124 x 10"3
COH 0.875 -7.582 -22.71
3
a, _ 13.558 x 10"3
.32 1.057 -7.564 -23.82
u
a5 = -0.703 x 10"3
.50 1.236 -7.568 -21.87
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supports must be fixed at 6=0°C can be relaxed. Thus 
steady temperature fields may be used for wire cali­
bration.
The results of Figure 5 can be summarized by the 
correlations
I = a_(C) 1 + V »  + *2eA
and a (C) = a, +  a + a C o 3 4 5
with values as tabulated in Table 1. These results 
were used to design the signal recovery circuits of 
section 3.2
80 r  68 Cj— DO
12 C
y 0000^  i
0 383 jis 100 150 200 
ll seconds
FIGURE 4 TRANSIENT RESPONSE TO CONTINUOUS RESISTANCE RATIO SWITCHING
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FIGURE 5 STATIC CALIBRATION CURVES FOR LOW AND HIGH RESISTANCE RATIOS
3. Reconstruction of the Velocity and Temperature 
Fields
3.1 Theoretical Aspects. The calibrations of 
the previous section can be re-expressed (under quasi­
steady conditions of velocity and temperature) as
I2 = hH(C).fH (0A)
I2c - h c(C).fc («A)
and so simultaneous solution of these equations will 
yield the velocity and temperature field.
When the velocity and temperature field are time 
varying, consideration must be given to the frequency 
response characteristics of the filters following the 
zero-order hold circuits, as well as the time delay in 
sampling wire currents at the two conditions of 
resistance ratio. As shown in Figures 3 and 4 there
is very little error <0.4°C in the wire temperature
when G(t) is the ramp function with two different
slopes, a high slope for increasing and a low slope for
decreasing the resistance ratio. The small constant
portions of G(t) being used for sampling, i.e. sampling
occurs first as the low resistance ratio then on the
high resistance ratio t later and again on the low
resistance ratio T-t secs later. In all the tests
shown in Figures 3 and 4 the ratio t/t was 0.21, this
corresponding to a delay of 40 us and a sampling of
each signal each 190 us. For higher velocities 
« -1> 0.02 m sec the sampling rate can be considerably 
improved as a comparison of Figures 3 and 4 shows.
The outputs of the hold circuits thus need to be 
filtered to produce continuous signals for processing 
in the linearization circuit for C(t) and 0A (t).
Digital sampling theory (Lindorff (1965)) requires
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that the sampling rate fs = 1/T be at least twice the 
maximum disturbance frequency in the flow and allows 
the hold circuits and smoothing filters to be replaced 
by a composite transfer function.
C(f) = H(f) .Sin (fT) .e'j7TfT/fT
Matched smoothing filters H(f) must be designed 
so that the magnitude response of C(f) is unity at all 
frequencies up to that of the maximum disturbance in 
the flow and zero at higher frequencies. Filter 
synthesis is described by such texts as Zverev (1967) 
and provided fs/fmax is relatively high the synthesis 
problem is simple.
For the system simulated fs/fmax = 4.18. C(f) was 
unity up to the maximum frequency of flow disturbance 
with acceptable attenuation at higher frequencies.
Analysis of the effect of non synchronous 
sampling is complex due to the overall non-linearity 
of the signal recovery process. By way of comparison
with a two wire array, with sensor separation of 125 y
in a similar water flow (y+ =6) of friction velocity 
-10.02 m sec the time delays are
-5t single wire = 3.83 x 10 secs 
-3x two wire array = 10 secs
Thus relative to the maximum frequency of flow dis­
turbance, the time delay due to non-synchronous samp­
ling with a single wire would appear of negligible 
effect. This is confirmed by dynamic tests of the 
following section.
3.2 Simulation of the Signal Processing Scheme. 
The overall system - anemometer and signal processor 
were tested by using the signal processor of Figure 6 
with potentiometers set from Table 1. Because of the 
variation in coefficients a^  and a^ with velocity,
these values were set to correspond to a mean velocity 
of 0.18 m sec 1.
Processor operation is determined by the high
FIGURE 6 DETAILS OF SIGNAL PROCESSOR FOR RECONSTRUCTING THE VELOCITY AND TEMPERATURE SIGNALS
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gain integrator which adjusts the estimate of ambient 
temperature so that the velocities corresponding to 
the two overheats - CH (t) and Cc(t) - are equal. As 
the simulation operated at one six hundredth of real 
time, no stability problems were observed but it is 
expected that real time operation will require careful 
design of this control loop.
Figure 7 represents the case where
a) the ambient temperature is varied sinusoidally 
up to the maximum frequency of flow disturb­
ance while the velocity is held constant, and
b) corresponds to a similar variation in velocity 
with constant ambient temperature.
These charts reveal that there is virtually no 
effect on the errors due to perturbation frequencies 
in the range <0.5fmax. Since most of the energy 
associated with the velocity and temperature fields 
will generally be restricted to frequencies O.lfmax 
the sampling rate of the proposed anemometer system is 
more than adequate.
An estimate of the amplitude of the normalized
errors is given in Table 2. This shows that for all
i*conditions tested the normalized velocity errors 
never exceed 2.3% and are thus acceptable. This 
corresponds to a negligible velocity error. Consider­
able errors exist in the temperature estimate with 
these errors being proportional to 0A which probably 
reflects the method of normalization. Since these 
errors are relatively independent of frequency the 
gain of the integrator comparing Cjj(t) and Cc(t) to 
produce 0A (t) is probably adequate although no doubt 
the use of a more sophisticated compensation would
produce an optimum linearizer.
An examination of Figure 5 shows that for
0A = 12°C there is an appreciable slope with 0A for all
of the velocities and thus it is imperative to have the
wire resistance ratio set accurately. Figures 3 and 4
-1  -1show that at C = 0.02 m sec and 0.5 m sec respect­
ively the error in the wire temperature between 
sampling hot and cold is 0.25°C and 0.6°C respectively. 
This could be due to the effect of the assumed infinite 
mass at the end of the wire or the lack of adequate 
compensation in the bridge circuit and anemometer 
system. This requires further development but it 
would appear possible to reduce the error from this 
source to negligible proportions. One of the most 
obvious sources of error is in the determination of 
the calibration constants of Table 1 which of course 
is not confined to the single wire method of measuring 
turbulence in non-isothermal fields. There is also 
the possibility of an ill-conditioning in the lineariz­
ation circuits which has reduced the effectiveness of 
previously reported sequential type measurements in 
non-isothermal flows, i.e. with several resistance 
ratios.
More sensitive calibration techniques need to be 
developed for all anemometer measurements in non- 
isothermal flows and this difficulty is no reflection 
on this new method of measuring velocity and tempera­
ture signals with a signal wire. Such calibrations 
are an area for further development. However, it is 
clear that the concept of a switched resistance ratio 
anemometer has been verified.
TABLE 2
Amplitude of the Normalized Errors 
in Velocity and Temperature Estimates
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f = 0-25 fMAX A f = 0 05 fMA*
C * 0-50 m  s‘1 
C = 0 18 m  s'1 
C = 0 02 m  s*1
\/V^A
FIGURE 7 SYSTEM ERRORS DUE TO VELOCITY AND AMBIENT TEMPERATURE FLUCTUATIONS
4. Frectuency Response Considerations and the ratio
In high Reynolds number isotropic turbulence the 
smallest eddy size is described by the Kolmogoroff 
length scale.
r 3 -1 ^S = [y /ej
where the dissipation of turbulence per unit mass is a 
maximum at y+ = 10 (Laufer (1954)) and is
.ye/UT =0.26
This yields a finest eddy scale in pipe flow with 
periodicity (y+ = 10)
2fmax = 2.79 UT/y
Expressing the pipe centre line velocity in terms 
of the friction velocity (U^ = BUT) the maximum fre­
quency of flow disturbance becomes
fmax/y =2.79 (Rep/BD)2
The maximum sampling rate was shown in Section 2.3 to 
be determined predominately by the wire natural fre­
quency i.e. the rate at which cooling occurs on switch­
ing to the low over-heat condition. Assuming the 
maximum wire Reynolds number is maintained constant
(Remax)
6Uxd/y = Remax
For am infinite wire the natural frequency is express­
ible as
2k Nufnat = — 2---
"d CpP
so that the value of the sampling parauneter fnat/fmax 
will be roughly proportional to k/y. Choice of a 
certain pipe size, pipe Reynolds number and maximum 
wire Reynolds number will determine the usable wire 
diameter so that the only parameters that cam be varied 
are k, Nu, p, and Cp. For a fixed wire Reynolds number 
range the variation in Nu will be determined by Prandtl 
number effects, however the dominant effect will be 
found in varying the conductivity of the fluid.
For the 5 p tungsten wire simulated, a friction 
velocity of 0.02 m sec 1 (corresponding to B ■ 25.0) 
was assumed so that the maximum frequency of flow 
disturbance was
fmax = 1.29 kHz
fs/fmax = 4 . 1 8
CONCLUSIONS
The method of using a single wire cycled between 
two resistance ratios has been verified and the simu­
lation indicates that hot-wire anemometers designed to 
use this technique would be successful. At present 
the method is restricted to uncoated wires in water by 
the necessity to maximize the wire natural frequency 
with respect to the maximum frequency of flow disturb­
ance. This may limit the usefulness of the technique 
for split-film probes in various media. However the 
technique is significant in that the need to add extra 
disturbance into the flow (as in 2-wire arrays) is 
removed.
Reprocessing of the anemometer output signals to 
yield the temperature and velocity field gave relative­
ly poor results under simulation for the temperature 
signal. This reflects the need to accurately deter­
mine calibration constants, but as this problem is 
inherent in any non-isothermal measurement, it in no 
way negates the usefulness of the technique.
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NOMENCLATURE
A,B - constants in heat transfer equation 
aQ(C) - wire linearization function 
a ^ a ^ a ^ a ^ a  - wire linearization constants
C,c - instantaneous velocity and its fluctuating
. -1.component (metres sec )
Cp - specific heat at constant pressure
C(f),H(f) - frequency response functions
d - wire diameter (metres)
D - pipe diameter (metres)
Ec,Eq - errors in computed velocity and temperature 
f(0A) ~ function of ambient temperature
f - frequency
fs - anemometer sampling frequency
fmax - maximum flow frequency (Kolmogoroff scale)
fnat - wire natural frequency
G(t),G - anemometer overheat ratio
g(t) - input average wire temperature
h - wire heat transfer coefficient (watts
-1 o-2,metre C )
h(C) - function of flow velocity
I - wire current (Amperes)
k - thermal conductivity of fluid
i - wire working length
Nu - Nusselt number
Pr - Prandtl number
Re - Wire Reynolds number
Rep - Pipe Reynolds number
t - time
T - anemometer cycle time
Tft - mean ambient temperature (°C)
UT - friction velocity
- pipe centre line velocity
V - voltage
y+ - wall distance non-dimensionalized on UT
Z - impedance
a - temperature coefficient of resistivity
6 - constant
Y - kinematic viscosity
e - turbulence dissipation per unit mass
£ - Kolmogoroff length scale
0 - spatial average of temperatures associated
with elements of hot wire (C°)
6a - ambient temperature fluctuation (C°) 
6 - Fluctuating component of 0A (C°)
- film temperature (C°) 
t - time delay
SUBSCRIPTS
Max, Min - maximum and minimum value 
H - related to high overheat operation
C - related to low overheat operation
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DISCUSSION
T. C. Corke, I l l in o is  Inst, of Tech.: Have you 
attempted to compensate for errors due to temperature 
changes in the velocity measurements?
McConachie: Linearization did take account of the 
temperature contamination of the estimate o f the 
velocity fie ld  and vice versa.
Corke: Is i t  valid  to compare phase sh ift  between 
single and double wire schemes since phase sh ift  can 
be compensated e lectron ica lly?
McConachie: For the two wire method, interchannel 
phase sh ifts  need not be a problem as they can be re­
moved e lectron ica lly . More important is  the spatial 
f ilte r in g  introduced by the fin ite  difference in 
spacing between two wire arrays which cannot be 
compensated e lectron ica lly . Single wire length effects 
apply equally to both methods but could be reduced by 
lowering the L/d ratio  of the wire.
P. Hodson, I ll in o is  Inst, of Tech.: Since this is a 
simulation, are you w illin g  to make any predictions 
at th is time as to how well th is scheme w il l work in a 
real system?
McConachie: The basic anemometer system (less switch­
ing c ircu itry) is at present in use and design and pro­
totype manufacture of the hot-wire anemometer d is­
cussed is at present in progress. Operating conditions 
have been investigated in water and e le ctro ly tic  and 
wire s ta b ility  effects have been investigated. Pre­
diction o f the operation of the prototype system 
performance cannot at this stage be offered.
T. J. Hanratty, University o f I llin o is :  Would the 
time response of the thermal boundary layer lim it the 
prospects of this approach with respect to its  ab ility  
to measure velocity spectra? I am particu larly  con­
cerned about measurements in liquids which have 
Prandtl numbers which could be an order o f magnitude 
larger than those in a ir.
McConachie: Digital simulation of the boundary 
layer response around a hot wire to velocity and 
temperature changes in a ir (1.0 < Re < 40) has been 
investigated at the University of Queensland and the
boundary layer response time shown to be negligible. 
From these results i t  is fe lt  that the response time 
o f the boundary layer in water w ill also be neglig ib le. 
Unfortunately, no simulation results are available 
for water.
Sensor size (5y inch diameter, L/d = 200) w ill 
pose no problems for the water flow velocities 
simulated.
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